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1
MICROSTRUCTURED OPTICAL FIBRE
HAVING A LARGE CORE AND A
FLATTENED FUNDAMENTAL MODE,
PRODUCTION METHOD THEREOF AND USE
OF SAME IN LASER MICROFABRICATION

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

The present application is a National Stage Application of
International Application No. PCT/EP2012/068370 entitled
“Microstructured Optical Fibre Having A Large Core And A
Flattened Fundamental Mode, Production Method Thereof
And Use Of Same In Laser Microfabrication” filed Sep. 18,
2012, which claims priority to French Patent Application No.
1158356, filed Sep. 20, 2011, the contents of which are incor-
porated herein by reference in their entirety.

FIELD OF THE INVENTION

The present invention relates to a microstructured optical
fibre having a large core, suitable for obtaining a flattened
fundamental mode, and a method for producing this fibre.

The term “large core” denotes a core wherein the diameter
equals atleast 10 um. The term “flattened fundamental mode”
denotes a fundamental mode wherein the intensity has a flat-
tened transverse profile; it should be noted that the fundamen-
tal mode diameter in this case exhibits little difference in
relation to the core diameter; and if the latter is large (greater
than or equal to 10 um), the fundamental mode diameter is
thus also large.

The invention notably applies to laser microfabrication
methods, for example laser marking methods and laser cut-
ting methods, or methods associated with light-biological
tissue interaction for therapy and diagnostics.

STATE OF THE RELATED ART

In order to obtain an optical fibre having a flattened funda-
mental mode, it is known to place, around the fibre core, a ring
wherein the optical index is slightly greater than that of said
core.

In this respect, reference may be made to document [1]
which, like the other documents [2] to [7] cited hereinafter, is
mentioned at the end of the present description.

However, the optical fibre described in document [1] has
the drawback of having a small diameter core.

The use of a ring around a large core doped with rare earths
is known from documents [2] and [3]. However, the optical
fibre in question in these documents is multimode and, to
obtain a single mode, i.e. the fundamental mode, at the output
of this fibre, discrimination is performed using the gain.
Indeed, compared to other modes, the flattened fundamental
mode has a superior overlap on the doped core.

This consists of the only experimental embodiment of a
flattened large mode known in the prior art. The experimental
image ofthe mode obtained at the fibre output is found in FIG.
7 of document [4]. The profile obtained is very imperfect.
This is attributed to the practical embodiment of the fibre,
which is not suitable for obtaining perfect index steps.

An optical fibre suitable for confining the mode by means
of an air-gap structure, and for flattening the mode by means
of a ring, is known from document [5]. The ratio d/A of the
diameter d of the air gaps of the microstructure described, in
relation to the spacing A of these gaps, is in the region 0f 0.4;
this gives rise to a multimode core for this type of structure.
However, no experimental demonstration is given.
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2

Furthermore, the parameters of the fibre described in docu-
ment [5] appear to be unrealistic. In particular, the difference
in the optical index between the ring and the core is extremely
small—it equals 3x10~—and it is extremely difficult, or
even impossible, to obtain during fibre production.

A microstructured optical fibre, having a very small doped
core (a few micrometers in diameter) and without a ring, is
also known from document [6].

In fact, no satisfactory solution for obtaining, at the output
of a passive optical fibre, a single flattened mode having a
diameter at least equal to 10 um is known to date:

the passive core fibres proposed in documents [1] and [6]

are only suitable for obtaining a small mode size (effec-
tive area less than 100 um?);

the multimode aspect of the fibre design known from docu-

ment [2] requires the use of this fibre when amplification
is required, in order to benefit from gain discrimination.
However, in some cases (spatial shaping, power trans-
portation, non-linear amplification for example), it is
essential to have a passive fibre; note that in some cases,
curvature discrimination is however possible;

the fibre parameters proposed in document [5], notably the

index difference of the ring of this fibre, is extremely
difficult, or impossible, to carry out experimentally.

As a general rule, the designs proposed in the prior art are
not realistic since they do not account for production con-
straints. The prior art merely includes one experimental
embodiment of a flattened fundamental mode fibre (see docu-
ment [2]).

This embodiment is however relatively unconvincing since
the light beam obtained at the fibre output cannot be consid-
ered to be flattened (see document [4]). Furthermore, the
authors of document [2] acknowledge that the practical
embodiment of the fibre is not suitable for obtaining suffi-
ciently controlled index steps.

DESCRIPTION OF THE INVENTION

The present invention relates to a microstructured optical
fibre, not having the drawbacks of those mentioned above.

Specifically, the present invention relates to a microstruc-
tured optical fibre having a large core and a flattened funda-
mental mode, comprising:

a core wherein the diameter equals at least 10 pm,

a ring surrounding the core, wherein the optical index
exceeds that of the core by a value An and wherein the
outer radius exceeds the inner radius by a value AR, and

an optical cladding surrounding the ring and comprising a
matrix containing inclusions, for example longitudinal
air gaps, wherein the optical index is different to that of
the matrix, the equivalent mean optical index n, ,0f the
cladding being less than the optical index of the core,

characterised in that An is greater than 10> and AR is
linked with An by the equation AR=c//(An)® where o is in the
interval ranging from 5x10~* um to 5x1072 um, B is in the
interval ranging from 0.5 to 1.5 and ot and f§ are dependent on
the wavelength A of the light to be guided by the microstruc-
tured optical fibre, the number of missing inclusions therein
(due to the presence of the core and the ring), the diameter d
of the inclusions, the spacing A thereof and the optical index
of the core.

According to one preferred embodiment of the microstruc-
tured optical fibre, according to the invention, the number of
missing inclusions is equal to 7. The fibre is then said to have
a defect of 7.

The core of the microstructured optical fibre, according to
the invention, may be doped or non-doped.



US 9,244,219 B2

3

For example, it may be doped with light-emitting entities
(for example, rare earth ions) or not doped with such entities.

According to a first particular embodiment of the inven-
tion, the core is made of non-doped silica, p equals 1 and a. is
given by the following formula:

0=2.489x102(d/A)>>N/A

where o is expressed in micrometers when d, A and A are
also expressed as such.

According to a second particular embodiment of the inven-
tion, the core is made of silica doped, for example with
ytterbium and aluminium or another codopant such as phos-
phorus or germanium, so as to increase the optical index of
pure silica by approximately 1.5x107>, § equals 0.905 and c
is given by the following formula:

a=1.046x102(WA)*1?

where o is expressed in micrometers when A and A are also
expressed as such.

According to a third particular embodiment of the inven-
tion, the core is made of silica doped, for example with
ytterbium and aluminium or another codopant such as phos-
phorus or germanium, so as to increase the optical index of
pure silica by approximately 5x107>, B equals 0.87 and a. is
given by the following formula:

a=1.327x102(WA)**°

where o is expressed in micrometers when A and A are also
expressed as such.

The present invention also relates to a method for produc-
ing the microstructured optical fibre according to the inven-
tion, wherein:

A is chosen,

the number of missing inclusions is chosen,

the ratio d/A is chosen,

the doping content T of the core is chosen, T being greater

than or equal to O,

A is chosen,

An is chosen, and

AR is determined using said equation so as to obtain a

flattened fundamental mode at the fibre output when
light having a wavelength A is injected at the input
thereof, and

the microstructured optical fibre is produced, with the

number of inclusions and parameters d, T, A, An thus
chosen, and the parameter AR determined in this way.

The present invention further relates to a laser microfabri-
cation method, wherein the microstructured optical fibre
according to the invention is used for guiding the light emitted
by the laser.

BRIEF DESCRIPTION OF THE FIGURES

The present invention will be understood more clearly on
reading the description of examples of embodiments given
hereinafter, merely as an indication and not as a limitation,
with reference to the appended figures wherein:

FIG. 1A is a schematic cross-sectional view of an example
of the microstructured optical fibre according to the inven-
tion, and FIG. 1B shows the radial profile of the optical index
for this example of a fibre,

FIG. 2 shows the variations of the thickness AR of the ring,
suitable for obtaining a flattened profile, for the optical fibre
in FIG. 1A, according to the index contrast An, for a defect of
7 and various values of the spacing A,
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FIG. 3A shows the transverse profile of the mode guided in
this fibre when A equals 30 um and An equals 2x1073, and
FIG. 3B shows the variations of the light intensity I in the
fibre, along the axis X in FIG. 3A, forming an angle of 7/6
(30°) with the horizontal axis x in FIG. 3A,

FIG. 4 is a diagram of r.m.s (root mean square) flatness
variations expressed as a %, according to An and AR, when A
equals 30 um, and

FIG. 5 shows the radial profile of the optical index of an
optical fibre according to the invention.

DETAILED DESCRIPTION OF PARTICULAR
EMBODIMENTS

FIG. 1A is a schematic cross-sectional view of an example
of the microstructured optical fibre invention, suitable for
obtaining a flattened fundamental mode, having a large diam-
eter. FIG. 1B shows the index profile of the fibre represented
inFIG. 1A, along ahorizontal section, i.e. the variations of the
optical index n as a function of the radius R (radial profile).

The benefit of microstructuring is notably that of providing
quasi-single-mode behaviour, even for a large core in relation
to the wavelength A of the light propagated in the fibre.

The fibre shown in FIG. 1A comprises:

a central part consisting of a core 2 wherein the optical
index is annotated N, and a ring 4 wherein the optical
index is equal to N+An where An (index step) is strictly
positive, and

optical cladding 6 surrounding the ring 4, comprising air
inclusions and having an equivalent mean optical index
Nz, less than the optical index N of the core 2.

More specifically, in the example shown in FIG. 1A, the
optical cladding 6 comprises longitudinal gaps 8 parallel with
the axis of the fibre. The cladding 6 consists of the same
material as the core but, due to the existence of these gaps, the
index ng,, is less than N.

In the example, the core 2 is made of pure silica; the ring 4
has a sub-micronic thickness and it is made of silica lightly
doped with germanium; the inner radius of the ring is anno-
tated R1, the outer radius thereof R2 and the thickness thereof
AR (AR=R2-R1); and the cladding 6 is of the air-silica type.
Note that the diameter of the core 2 equals 2R1, where
2R1=10 pum according to the invention.

The microstructuring parameters are the diameter d of the
air gaps 8 and the spacing A thereof.

As seen in FIG. 1A, so as to form the core 2 surrounded by
the ring 4, the seven central gaps or capillaries are replaced by
the solid material, forming the core and forming the ring. The
fibre is said to have a defect of 7.

This geometry is suitable for enlarging the size of the
fundamental mode without enlarging the pitch A of the gap
network excessively. It should be noted that, for such a geom-
etry, a ratio d/A equal to 0.046 would be required to obtain a
single propagation mode regardless of A/A (see document
)

The ratio d/A should be as small as possible (typically d/A
less than 0.25) so that the number of guided modes is as small
as possible.

The outer radius R2 of the ring 4 is defined by the produc-
tion of the fibre. Due to the positioning of the capillaries used
to form the cladding 6, a spacing at least equal to A/2 is
required between the outer cylinder, having a radius R2,
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defining the ring 4, and the centre of the first air gap encoun-
tered, equivalent to a maximum outer radius equal to

(2V3 -1)

ST >

Flattened mode is obtained when the fundamental mode of
the ring reaches the cut-off wavelength thereof (i.e. when the
effective index of this mode becomes equal to the refractive
index of the core material). The flatness of the transverse
intensity profile of the fundamental mode is optimised for the
pair (An; AR). An example of optimisation for d/A=0.25 is
given in FIG. 2. It is noted that An (index step or index
contrast) is the difference between the optical index of the
ring 4 and that of the core 2, and that AR is the thickness of the
ring.

More specifically, FIG. 2 gives the thickness of the ring
suitable for obtaining a flattened profile, as a function of the
index contract, for a defect of 7, for several spacings A
between the air gaps, i.e. A=8.5 um (curve I), A=17 pm (curve
1I) and A=30 pm (curve I1I) and for d/A=0.25.

FIG. 3 A shows the transverse profile of the mode guided in
the microstructured fibre, shown in FIG. 1A (defect of 7), for
a pitch A of 30 um, an index contrast An of 2x107> and a ratio
d/A of 0.25. For this index contrast, FIG. 2 demonstrates that
the thickness AR of the ring should be equal to 305 nm.

FIG. 3B shows the variations in light intensity I (in W/m?)
along the axis X in FIG. 3A, forming an angle of 7t/6 rd (30°)
with the horizontal axis x in FIG. 3A.

It should be noted that only a quarter of the fibre is shown
in FIG. 3A for symmetry reasons. The effective area of the
fundamental mode obtained is in this case 6420 pm? for the
entire structure.

The structure shown in FIG. 1A and the variation in the
thickness of the ring as a function of the index contrast, given
in FIG. 2, are suitable for obtaining a flattened fundamental
mode. Unlike the design proposals presented in the prior art,
the optical fibre parameters are calculated, in the present
invention, accounting for production constraints.

There is thus question of an enhancement of the designs
known in the prior art. This enhancement makes it possible to
solve the problem of producing an optical fibre having a
flattened fundamental mode, which had not been previously
solved.

The index contrasts An, that can be read in FIG. 2, are
suitable for being obtained, for example using the OVD (out-
side vapour deposition) technique, either by depositing silica
having an index N+An around a rod of pure silica (index N),
or by depositing pure silica (index N) around a doped silica
core, having an index N-An. The current production technol-
ogy is suitable for controlling the dimensions of the ring
within a few percent and obtaining an index contrast within
5x107%.

FIG. 4 is a diagram of the flatness variations (r.m.s. varia-
tions expressed as a %) for an optical fibre having a defect of
7, a pitch A of 30 um and a ratio d/A of 0.25, as a function of
the parameters An and AR.

In FIG. 4, it is seen that An varies around 2x107> and AR
around 300 nm. These variations are calculated on the basis of
the modulation rate
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_ \/<12(x, Yo% surface I(x, y)>22§0%xmface

wa I(x, Y)soq surface

rate where the symbol < > corresponds to the mean value
calculated on 80% of the mode surface.
The variation values, defined by M,,,, are thus less than
7%, even for a greater range of values of AR (radius differ-
ential) than typical production precision.
In the present invention, the structuring parameters of the
optical fibre and the uncertainties in respect of these param-
eters are compatible with current production technologies,
unlike the optical fibres known in the prior art.
Inparticular, although the dimensioning of the optical fibre
disclosed by document [5] appears to be close to the dimen-
sioning of an optical fibre according to the present invention,
this fibre, known from document [5], is not experimentally
feasible, unlike a fibre according to the invention.
It should further be noted that, in the present invention, in
order to obtain a dimensioning accounting for production
constraints, it is necessary to perform numerical optimisa-
tions. The parameters used are thus not obtained directly
using a law or values known in the prior art.
It should also be noted that, in spite of the significant
interest represented by a flattened fundamental mode fibre,
the prior art merely includes one experimental embodiment
of such a fibre (see document [2]). Furthermore, this known
experimental embodiment is relatively unconvincing since
the intensity of the beam obtained at the fibre output is very
slightly flattened (see document [4]). This clearly demon-
strates that the dimensioning is not obvious.
The reasoning used for dimensioning an optical fibre
according to the invention is specified hereinafter:
the wavelength A of the light guided in the fibre is chosen
(for example A=1 um or A=1.55 pm),

the number of capillaries replaced by a solid core in the gap
structure is chosen (for example a defect of 7),

the ratio d/A is chosen (for example d/A=0.12),

the doping content T of the core with luminescent ions
(T=0) is chosen, determining the index of the core N (see
FIG. 5), and

the spacing between the air gaps A is chosen, determining
the diameter of the gaps d, the outer radius R2 (FIG. 5)
and the equivalent mean index nyg,, of the optical clad-
ding.

There is thus an equation between the thickness AR of the
ring and the index contrast An. This equation is as follows:

- ¢y
AR = v

The values of the parameters o (expressed in um) and } are
dependent on the parameters chosen above (wavelength A,
value of defect, ratio d/A, value N of the optical index of the
core resulting from a possible doping, spacing A between the
air gaps).

The values of the parameters . and f§ are given hereinafter
for various configurations.

1) The core is made of non-doped silica.

a is given by the following formula:

0a=2.489x102(d/A)>>N2/A

where o is expressed in micrometers when d, A and A are
also expressed in micrometers; and f§ equals 1.
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1) The core is made of doped silica (for example with
ytterbium and aluminium or another codopant such as phos-
phorus or germanium); and the doping gives rise to a differ-
ence in index in relation to pure silica of approximately
dn=1.5x1073.

a is given by the following formula:

a=1.046x102(MA)°°

where o is expressed in micrometers when A and A are also
expressed in micrometers; and § equals 0.905.

IIT) The core is doped (for example with ytterbium and
aluminium or another codopant such as phosphorus or ger-
manium); and the doping gives rise to a difference in index in
relation to pure silica of approximately dn=5x107>.

a is given by the following formula:

a=1.327x102(WA)**>

where o is expressed in micrometers when A and A are also
expressed in micrometers; and § equals 0.87.

As a general rule, the greater the doping of the core, the
smaller the variation of o as a function of A (the structure of
the optical cladding has less effect on the optimal values of the
parameters An and AR in relation to the ring).

It is important to note that the variations between the thick-
ness AR of the ring and the index contrast An, resulting from
equation (1) and the above values, are different to those given
by the analytical formula featured in document[5]. The
results given by this formula are too approximate for the
resulting design to produce a flattened fundamental mode.

It is specified that, as a general rule: An>10-3, 5x10-4
pm<a<5x10-2 um, and 0.5<p<1.5.

The present invention has various benefits and applications
in the field of fibre laser systems:

it is suitable for converting a light beam wherein the inten-
sity has a Gaussian profile into a light beam wherein the
intensity has a flattened profile (spatial shaping);

it is suitable for optimising the far-field intensity of the
beam for laser micromachining applications (notably
marking and welding);

in relation to a passive fibre (i.e. non-luminescent),
wherein the fundamental mode has an equivalent effec-
tive area but wherein the fundamental mode is Gaussian,
the decrease in the peak intensity, due to the flattened
mode, is suitable for increasing the energy (or power)
suitable for being propagated (hence high-energy beam
transport applications) or suitable for being obtained at
the output of apparatuses based on non-linear amplifi-
cation (notably apparatuses using four-wave mixing and
apparatuses using the Raman effect); and

if the fibre core is doped with luminescent ions, the inven-
tion is suitable for producing flat-mode fibre lasers and
amplifiers, suitable for increasing the energy (or power)
that can be extracted from such systems.

In the examples given above, a microstructured fibre hav-
ing a defect of 7 (7 missing gaps) is taken into consideration.
However, the present invention is not limited to this value: the
fibre could have a defect of another value, for example 19, or
even 1.

Furthermore, in the examples given above, air inclusions
(longitudinal gaps) in the optical cladding of the microstruc-
tured fibre have been taken into consideration. However,
other inclusions are possible, for example doped silica inclu-
sions or inclusions of other gases such as argon for example.
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The invention claimed is:

1. Microstructured optical fibre having a large core and a

flattened fundamental mode, comprising:

a core wherein the diameter equals at least 10 pm,

a ring surrounding the core, wherein the optical index
exceeds that of the core by a value An and wherein the
outer radius exceeds the inner radius by a value AR, and

an optical cladding surrounding the ring and comprising a
matrix containing inclusions, wherein the optical index
is different to that of the matrix, the equivalent mean
optical index n,, of the cladding being less than the
optical index of the core,

wherein Anis greater than 107> and AR is linked with An by
the equation AR=c/(An)P where a.is in the interval rang-
ing from 5x10™* um to 5x10~um, P is in the interval
ranging from 0.5to 1.5 and o and 3 are dependent on the
wavelength A of the light to be guided by the microstruc-
tured optical fibre, the diameter d of the inclusions, the
spacing A of the inclusions and the optical index of the
core.

2. Microstructured optical fibre according to claim 1,

wherein the core is not doped.

3. Microstructured optical fibre according to claim 2,

wherein the core is made of non-doped silica, § equals 1 and
a is given by the following formula:

0a=2.489x102(d/A)>>N2/A

where o is expressed in micrometers when d, A and A are

also expressed in, micrometers.

4. Microstructured optical fibre according to claim 1,
wherein the core is doped.

5. Microstructured optical fibre according to claim 4,
wherein the core is made of doped silica so as to increase the
optical index of pure silica by approximately 1.5x1073, B
equals 0.905 and «a is given by the following formula:

a=1.046x102(WA)*1?

where a is expressed in micrometers when A and A are also
expressed in micrometers.
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6. Microstructured optical fibre according to claim 5,
wherein the silica is doped with ytterbium and aluminum or
another codopant.

7. Microstructured optical fibre according to claim 6,
wherein the codopant is phosphorus or geranium. 5
8. Microstructured optical fibre according to claim 4,
wherein the core is made of doped silica, so as to increase the
optical index of pure silica by approximately 5x107>, § equals

0.87 and a is given by the following formula:

a=1.327x 102 (WA 10

where o is expressed in micrometers when A and A are also

expressed in micrometers.

9. Microstructured optical fibre according to claim 8,
wherein the silica is doped with ytterbium and aluminum or {5
another codopant.

10. Microstructured optical fibre according to claim 1,
wherein the inclusions are longitudinal air gaps.

#* #* #* #* #*



